Introduction
Since the seminal finding by Altman and Das on the presence of new neurons in the adult rodent brain in the 1960s [1] , persistent neuronal generation has been demonstrated in essentially all mammals, including humans [2] [3] [4] . Now adult neurogenesis is generally considered as an active process encompassing proliferation and fate specification of adult neural progenitors, their subsequent differentiation, maturation, navigation, and functional integration into the existing neuronal circuitry [3] . Within the intact adult mammalian CNS, active neurogenesis occurs in two discrete 'neurogenic' regions: the subgranular zone (SGZ) of dentate gyrus in the hippocampus for dentate granule cells and the subventricular zone (SVZ) of the lateral ventricles in the forebrain for interneurons in the olfactory bulb ( Figure 1a ) [2] [3] [4] . Accumulating evidence suggests essential roles of these new neurons in specific brain functions, such as learning, memory, olfaction, and mood modulation [4] . The origin of new neurons is believed to be from multipotent adult neural stem cells (NSCs), yet their exact identity is still under debate and their multipotency at the clonal level in vivo has not been universally demonstrated. Multipotent NSCs capable of long-term selfrenewal and generating multiple neural lineages, including astrocytes, oligodendrocytes, and functional neurons, have been derived from regions throughout the adult CNS [3] . Whether and to what extent active neurogenesis occurs outside the two 'neurogenic' regions in the intact mammalian CNS in vivo is still under debate. Injuries and pathological stimuli, such as stroke, do appear to activate the neurogenesis program outside of 'neurogeneic' regions [3] . Adult neurogenesis also occurs in the peripheral nervous system (PNS), such as generation of olfactory neurons in the olfactory epithelium [5] and neural crest lineages in the carotid body [6] .
Adult neurogenesis recapitulates the complete process of neuronal development in the mature CNS environment [3, 4] . Advances in methodologies to detect new neurons have greatly facilitated the characterization of the basic process of adult neurogenesis and its dynamic regulation by a variety of physiological, pathological, and pharmacological stimuli [3, 4] . The molecular mechanisms regulating adult neurogenesis are just beginning to be revealed. Here we review recent progress in our understanding of endogenous NSCs and their normal development in the adult hippocampus and forebrain in vivo. A large number of studies on modulation of adult neurogenesis were reviewed elsewhere [4] .
Neural stem cells in the adult brain istry analysis suggests that special astrocytes expressing glial fibrillary acidic protein (GFAP) and exhibiting certain radial glial properties are adult NSCs in the SVZ and SGZ [2] . Upon injury CD133 + ependymal cells lining ventricles in the mammalian forebrain may be activated, transforming into radial glia-like cells and serving as adult NSCs [7] [8] [9] . In the adult SGZ, a select population of cells that express sex determining region Y-box 2 (Sox2) and are capable of giving rise to more Sox2 + cells as well as neurons and astrocytes have been suggested to be adult NSCs [10 ] . Although not definitive, this study provided evidence for the self-renewal and multipotency of NSCs at the single-cell level in the adult brain. Taken together, these findings highlight the complexity of the fundamental issue about the identity of NSCs in vivo. It is possible that distinct cells in the adult CNS can serve as NSCs in mediating neurogenesis under normal conditions or after dramatic injuries, similar to adult neurogenesis in the olfactory epithelium [5] .
The properties of adult NSCs remain to be fully characterized. For example, the existence of a tri-potent NSC with capacity to generate neurons, astrocytes, and oligodendrocytes in the adult brain remains to be demonstrated at the clonal level in vivo. Can a single adult NSC give rise to multiple neuronal subtypes? Adult NSCs derived from rat hippocampus, which endogenously only give rise to dentate granule cells, generate multiple neuronal subtypes in culture [3] as well as olfactory interneurons after transplantation into the adult forebrain [11] . However, a recent in vivo mapping and transplantation study suggests that NSCs in the postnatal SVZ are heterogeneous and restricted in their ability to generate different neuronal subtypes in the olfactory bulb [12 ] . It is likely that a variety of spatially located niches regulate the generation of the diversity of interneurons in the olfactory bulb [12 ] . Further engineering and application of new genetic tools for lineage tracing at the clonal level in vivo will help to solve current controversies and reveal Figure 2 ). Engineered onco-retroviruses and reporter mice provide essential tools for detailed characterization of adult NSC development in vivo using confocal and electron microscopy, electrophysiology, and time-lapse imaging. Genetic manipulation of adult NSCs using these approaches has further revealed underlying molecular mechanisms [17 ,18 ,19 ] and physiological functions of adult neurogenesis [20] in vivo.
Maintenance, proliferation, and fate specification of adult neural stem cells Continuous neurogenesis in the SVZ and SGZ throughout life suggests a sustained maintenance of adult NSCs. Hedgehog signaling is activated in quiescent adult NSCs [21] and appears to be required for both establishment and maintenance of proper NSC pools in the adult SVZ and SGZ [22, 23] . In addition, expression of leukemia inhibitory factor (LIF) promotes the self-renewal of adult NSC and prevents their differentiation, leading to an expansion of the NSC pool in the adult SGZ [24] .
During the course of adult neurogenesis, NSCs go through a number of stages with proliferation capacity, including NSCs, transient amplifying progenitors and neuroblasts [15] (Figures 1 and 2) . A variety of physiological, pathological and pharmacological stimuli have been shown to regulate cell proliferation during adult neurogenesis in the SGZ and SVZ, such as physical exercise, seizures, stroke, and antidepressant treatments [3, 4] . Analysis of marker expression using immunohistochemistry and in reporter mice has pinpointed the specific cell type(s) that is responsive to these stimuli. For example, kainic acid-induced seizures promote proliferation of DCX + neuroblasts, but not nestin + progenitors [25] , whereas the antidepressant fluoxetine appears to target both nestin + GFAP -progenitors and DCX + neuroblasts [16] in the adult SGZ. Growth factor signaling is the major mechanism underlying regulation of cell proliferation, including fibroblast growth factors (FGFs), epidermal growth factor (EGF), neuregulins (NRGs), vascular endothelial growth factor (VEGF), and pigment epithelium-derived factor (PEDF) [3, 4] (Figure 2 ). Several neurotransmitters, such as GABA, also regulate cell proliferation during adult neurogenesis [4, 26] .
Generation of new neurons is largely restricted to the adult SVZ and SGZ, whereas astrocytes and oligodendrocytes are continuously born throughout the mature CNS. The fate choice of adult NSC is likely to be regulated by the neurogenic 'niche' signals. Astrocytederived Wnts instruct neuronal fate specification of adult NSCs in vitro and Wnt-signaling promotes new neuron production in the adult dentate gyrus in vivo [27] . On the contrary, bone morphogenic proteins (BMPs) promote glia differentiation of NSCs derived from the adult SVZ [28] and hippocampus in vitro [29] . Such gliogenic effects are blocked by two BMP antagonists noggin [28] and neurogenesin-1 [30] , resulting in neuronal differentiation. Interestingly, noggin is expressed by ependymal cells adjacent to the adult SVZ [28] and neurogenesin-1 is expressed by astrocytes and granule cells in the dentate gyrus [30] . In the dentate gyrus, transgenic overexpression of BMP4 increases the number of mature astrocytes, but depletes the GFAP + progenitor cell pool, whereas transgenic inhibition of BMP signaling increases the size of the GFAP + progenitor cell pool but reduces the overall numbers of astrocytes [29] . Similarly, ectopic expression of noggin promotes neuronal fate specification of SVZ progenitors transplanted into the adult striatum [28] . In the adult SVZ, however, conditional deletion of Smad4, a downstream effector of BMP, in adult NSCs or infusion of noggin impairs neurogenesis and leads to an increase in the oligodendrocyte production [31] . The seemingly differential effects of BMP signaling in regulating adult SVZ NSCs in different experimental settings remain to be reconciled in the future.
Development Figure 2 Legend Continued) Adult neurogenesis in the dentate gyrus of the hippocampus. Summary of the current knowledge on the development of neural stem cells during adult hippocampal neurogenesis in young adult mice as characterized by estimated timeline, developmental stages, expression of specific markers, physiological properties, critical periods, and potential molecular mechanisms. ML, molecular layer; GCL, granule cell layer; SGZ, subgranular zone; GFAP, gial fibrillary acidic protein; BLBP, brain lipid-binding protein; DCX, doublecortin; NeuN, neuronal nuclei; PSA-NCAM, the polysialylated form of the neural cell adhesion molecule NCAM; POMC, pro-opiomelanocortin; IEG, immediate early gene; LTP, long-term potentiation; TXL, tailless; EGF, epidermal growth factor; FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; BMP, bone morphogenetic protein; GABA, g-aminobutyric acid; DISC1, disrupted-in-schizophrenia 1.
Navigation of newborn neurons in the adult brain: migration and nerve guidance
Despite the inhibitory CNS environment for mature neuron regeneration, newborn neurons exhibit extensive migration and nerve growth in a directed manner to reach their targets [3] . During adult SVZ neurogenesis, new neurons migrate through the rostral migratory stream (RMS) to reach the olfactory bulb, and then settle in distinct neuronal layers through radial migration. Interestingly, beating of the cilia by ependymal cells appear to set up concentration gradients of guidance molecules such as slits to direct migration of neuroblasts [32] . A number of adhesion molecules (e.g. b1-integrin, PSA-NCAM, and tenascin-R) and extracellular cues (e.g. GABA, NRGs, and Slits) have been shown to regulate the stability, motility, or directionality of neuronal migration [3, 4] . In the dentate gyrus, new neurons migrate locally into the inner granule cell layer, possibly through radial migration. Reelin signaling prevents new neurons from migrating into the hilus region; loss of reelin expression from local interneurons after pilocarpineinduced seizures may explain the ectopic hilar localization of new granule cells [33] . Recent studies also identified intrinsic regulators of migration and positioning for adult-born neurons. For example, deletion of DCX in newborn neurons causes severe morphologic defects and delayed migration along the RMS [34] , whereas knockdown of Disrupted-in-Schizophrenia 1 (DISC1) or NDE-L1 in newborn granule cells leads to overextended migration and aberrant positioning in the outer granule cell layer and molecular layer in the dentate gyrus [19 ] .
Analysis of axonal and dendritic development of new neurons using retrovirus-mediated labeling has revealed similar patterns of targeting as their neighboring mature neurons [3] . For example, newborn dentate granule cells rapidly extend their axons through the hilus region to reach the CA3 region within two weeks after birth, while their dendrites reach the molecular layer within one week and continue to elaborate for at least four weeks [17 , 35, 36 ] . The environmental cues that guide axons and dendrites of newborn neurons in the adult brain remain to be identified. A number of molecular players have been shown to regulate the tempo of dendritic development. For example, GABA-induced depolarization [17 ] and Notch signaling [37] promote dendritic growth, whereas DISC1 limits dendritic initiation and outgrowth of new neurons [19 ] during adult hippocampal neurogenesis. New periglomerular cells and granule cells in the olfactory bulb are more heterogeneous in patterns of growth [38 ] . The accessibility of olfactory bulb for in vivo multiphoton confocal imaging of new neurons allows time-lapse analysis of detailed structural dynamics in intact animals [38 ] . Together with genetic and behavioral manipulations, such a system holds promise to provide novel insight into the neuronal development and plasticity in the adult brain.
Synaptic integration of new neurons in the adult brain
Despite significant differences in the local environment, the synaptic integration of newborn neurons in the adult brain follows the same milestones to incorporate into the existing circuitry as in embryonic and early postnatal development. Interestingly, neural progenitors and immature neurons are tonically activated by ambient GABA before receiving any functional synaptic inputs during adult SVZ and SGZ neurogenesis [26] . For new dentate granule cells, formation of dendritic GABAergic synaptic inputs (approximately one week after birth) initiates before formation of glutamatergic synaptic inputs (approximately two weeks after birth), and perisomatic GABAergic inputs appear to form last (Figure 2 ) [39] . During the initial stage of neuronal maturation, GABA depolarizes newborn neurons owing to the high chloride content and promotes formation of GABAergic and glutamatergic synaptic inputs to new neurons in vivo [17 ] . Knockdown of DISC1 also accelerates formation of synaptic inputs to newborn dentate granule cells [19 ] . In the olfactory bulb, new granule cells receive functional synaptic inputs from mitral cells (10 days) [40] . New periglomerular cells receive inputs from olfactory neurons, which go through a series of maturation changes with a gradual increase in the ratio of AMPARs over NMDARs and a decrease in the ratio of NR2B subunit containing NMDARs [41] .
Very little is known about synaptic outputs of newborn neurons in the adult brain. It remains to be determined whether new neurons innervate the same targets as their neighboring mature neurons. In the hippocampus, mature granule cells innervate multiple neuronal subtypes (e.g. basket cells and mossy cells) in the hilus region and form large mossy fiber boutons to pyramidal neurons and filopodial synaptic contacts to interneurons in the CA3 region. In the olfactory bulb, mature granule cells lack axons and instead form dendritic-dendritic synapses with mitral cells, whereas periglomerular cells make axonal synapses with mitral cells. Future studies using electron microscopy and emerging optogenetic tools, such as channelrhodopsin, may facilitate studies of synaptic outputs by adult-born neurons.
Crucial periods during the development of new neurons in the adult brain
How can a small population of adult-born neurons make a significant impact on brain functions? Synaptic integration of new neurons is likely to be required for their contribution to brain functions. One hypothesis is that new neurons are preferentially incorporated into special circuitry to support specific brain functions, as suggested by findings based on the expression of immediate early genes such as Arc and c-Fos [42 ,43,44] . Recent studies also have identified two crucial periods during adult hippocampal neurogenesis that may contribute to a selective incorporation of new neurons into the adult circuitry. First, studies using retrovirus-mediated knockout of NR1 in newborn granule cells suggest that the survival of these new neurons is competitively regulated by their own NMDARs during a window when new neurons are 2-3 weeks old [18 ] . Enriched environment-induced survival and integration of new granule cells share the same critical window [44] . Second, systematic analysis of synaptic plasticity of glutamatergic synaptic inputs to newborn granule cells has identified a critical period when these neurons are four to six weeks old and exhibit NR2B-dependent enhanced long-term potentiation, which may instruct new neurons to refine their inputs in response to environmental stimuli [41] .
Contrasts between early postnatal and adult neurogenesis
Despite many similarities between early postnatal and adult neurogenesis as discussed above, major differences have been identified. Adult neurogenesis is dynamically regulated by stimuli that modulate the activity of the existing neuronal circuitry. For example, seizures and antidepressant treatment enhance proliferation of adult neural progenitors and accelerate dendritic development of newborn neurons in the adult hippocampus [45] [46] [47] [48] . Adult neurogenesis also exhibits a more prolonged time course of neuronal maturation. For example, dendritic development of adult-born dentate granule cells lasts more than four weeks and formation and maturation of synaptic spines continue over eight weeks after they are born, while the same process occurs largely within two weeks during early postnatal dentate development [17 ,35] . The physiological significance of such a slow tempo of neuronal development in the adult brain is not well understood. Interestingly, a dramatic acceleration of neuronal development, such as after recurrent seizures [45] or knockdown of DISC1 [19 ] , leads to aberrant incorporation of new neurons into the existing circuitry.
Conclusions
Forty years after the initial discovery of adult neurogenesis in the rodent brain [1] , we now not only have obtained significant knowledge about the origin and development of new neurons in the adult brain, but also appreciate that adult neurogenesis is a highly coordinated process with physiological significance. Future mechanistic studies on intrinsic and extrinsic mechanisms regulating adult neurogenesis may offer unique insight into fundamental principles of neural development and plasticity in general. Development of new technologies, including genetically modified animal models and imaging approaches, will help to resolve current controversies, to further understand the molecular basis and physiological functions of adult neurogenesis, and to explore adult human neurogenesis [49, 50 ] . A better understanding of endogenous adult neurogenesis will provide a blueprint to investigate induced and aberrant neurogenesis in different CNS regions and, in addition, may help developing strategies to repair the damaged brain after injury or in various neurological diseases. 
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